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Abstract
Tracking user reported bugs requires consider-
able engineering effort in going through many
repetitive reports and assigning them to the
correct teams. This paper proposes a neural ar-
chitecture that can jointly (1) detect if two bug
reports are duplicates, and (2) aggregate them
into latent topics. Leveraging the assumption
that learning the topic of a bug is a sub-task for
detecting duplicates, we design a loss function
that can jointly perform both tasks but needs
supervision for only duplicate classification,
achieving topic clustering in an unsupervised
fashion. We use a two-step attention mod-
ule that uses self-attention for topic clustering
and conditional attention for duplicate detec-
tion. We study the characteristics of two types
of real world datasets that have been marked
for duplicate bugs by engineers and by non-
technical annotators. The results demonstrate
that our model not only can outperform state-
of-the-art methods for duplicate classification
on both cases, but can also learn meaningful
latent clusters without additional supervision.
1 Introduction
User feedback is a key part of the development and
improvement of software products. Each piece
of feedback needs to be manually reviewed and
assigned to the correct engineer responsible for
maintaining the feature mentioned in the report.
On online platforms with millions of users, differ-
ent users tend to report the same issue, yielding a
large number of duplicate reports. Sorting through
these massive volumes of bug reports incur a sig-
nificant amount of engineering time and cost. Ad-
ditionally, these services are constantly releasing
new product features. Therefore, we cannot rely
on static annotated data for product feature clas-
sification because they rapidly become outdated.
This motivates us to develop a framework that can
automatically identify duplicate bug reports and
cluster them without requiring additional labels.
Previous research in the software engineer-
ing domain has addressed duplicates detection
and product feature identification as two separate
problems framed as independent fully-supervised
classification tasks (Nguyen et al., 2012; Bud-
hiraja et al., 2018b; Jonsson et al., 2016; Mani
et al., 2018). However, we observe that users gen-
erally report issues when accessing certain fea-
tures of a product, e.g., ‘app crashed when open-
ing camera’, ‘chat won’t load’ and so on (here,
camera and chat are the product features, re-
spectively). Hence, two reports should at least
discuss the same feature to be considered as dupli-
cates. Therefore, we hypothesize that determining
the feature discussed in a report is a sub-task of
detecting whether or not a report is a duplicate to
another one.
Inspired by the effectiveness of Siamese archi-
tectures for modeling pairs of texts (Tan et al.,
2015; Bowman et al., 2015), we use a shared Re-
current Neural Network (RNN) to encode the two
reports. We note that the latent vectors, learned by
an RNN for a sequence of words, encode a multi-
tude of semantic information; all of which may not
be necessary to understand the topic of the report.
We decompose the latent semantic vectors in order
to distill only the topical information in a few des-
ignated dimensions. This allows us to perform the
sub-task of feature-based clustering using only a
subset of dimensions, and use the complete vector
for the duplicate classification task. We propose a
partially supervised learning framework that uses
the label for duplicity through a similarity loss on
the designated topic dimensions of the latent rep-
resentation to learn topic clusters.
We use a two-step attention module, since the
same words are often not crucial for both tasks.
We first learn a self-attention for topic similarity
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modeling and learn a conditional attention using
a memory vector for duplicate classification. To
summarize, we present a systematic study of a
classic problem in the software industry. The work
has three major contributions.
• We propose a neural model for multi-task
learning that requires supervision for only
one of the tasks.
• The model uses semantic space decomposi-
tion and a hierarchical-conditional attention
module to perform the tasks of duplicate de-
tection and topic based clustering.
• We present the challenges we faced during
our experience obtaining labels from non-
technical annotators, and conduct extensive
experiments on both engineer labeled and
non-technical labeled datasets.
2 Related Work
The software engineering community has con-
ducted some research work for detecting duplicate
bugs. In Minh (2014), a combination of n-gram
features and cluster shrinkage algorithm is used
for duplicate classification, whereas, in Sun et al.
(2011) the BM-25 based scoring has been used
akin to information retrieval engines. A combina-
tion of tf-idf and topics learned by LDA have also
been used (Nguyen et al., 2012; Budhiraja et al.,
2018b). Recently, word embeddings have been
used to compute similarity of two reports(Yang
et al., 2016; Budhiraja et al., 2018a). However,
in these approaches, the sequence information of
a natural language sentence is not captured.
Among the NLP community, the closest line of
applicable work are the generic approaches of tex-
tual similarity (Cer et al., 2017; Wang et al., 2017;
Neculoiu et al., 2016; Yin et al., 2016). They pre-
dominantly employ Siamese architecture (Mueller
and Thyagarajan, 2016; Severyn and Moschitti,
2015) and more recently, attention mechanism
(Wang et al., 2017; Shen et al., 2018; Wang et al.,
2018; Tran and Niederee´e, 2018). Inspired by
these approaches, we propose a solution for du-
plicate detection while utilizing the partial super-
vision to achieve a sub-task of clustering for free.
Solving owner attribution of a report has been
approached using feature-based methods (Jonsson
et al., 2016; Xuan et al., 2012) and very recently
using deep learning solutions (Mani et al., 2018).
However, the connection between these two prob-
lems have not been explored and they require su-
pervision for product feature identification.
3 Annotation Challenges
We consider a dataset consisting of user reported
bugs collected from the Snapchat app. The bugs
have been submitted by beta-testers using a bug-
tracking functionality named Shake2Report(S2R)
within the app. In S2R a user can submit a small
textual description of the bug and attach a screen-
shot of the app while experiencing the issue. In
this work, we only consider the textual descrip-
tions of the reports.
Following previous work of duplicate bug track-
ing (Lazar et al., 2014), we first studied 500
pairs of reports marked as duplicates by engi-
neers. However, these pose several challenges.
Firstly, we realized that engineers often needed ad-
ditional meta-data such as stack-traces and times-
tamps to accurately determine whether or not a
pair of reports referred to the same problem. On
the other hand, such additional meta-data cannot
be made available to external crowd-sourced an-
notators due to legal and user privacy restrictions.
Finally, the total amount of reports was far beyond
what an engineering team could tackle, hence the
need for our classification system, which helps
scaling the bug report load while maintaining the
annotation quality.
Our task is to automatically classify report
pairs, and to add engineers to the loop only when
pairs are textually ambiguous. We asked non-
expert annotators to label the pairs only according
to their semantic similarity (no metadata). The an-
notators had a high agreement among themselves
with a Krippendorff’s alpha (Krippendorff, 1970)
score of 0.78. After adding engineers to the anno-
tation pool, the score dropped to 0.58. To under-
stand this disparity, consider the pairs:
• “Crashed when posting story from memories”
and “Crashed while exporting from memories”
• “Stuck on typing notification” and “Did not get
notification for this group chat”
Although not marked as duplicates by non-
experts, they referred to the same underlying prob-
lem from the engineering side. While out-of-scope
for this paper, we plan to conduct a dedicated
study to explore these differences in future work.
As mentioned in the introduction, bug§ team
assignments become rapidly outdated as the app
product features (and therefore the teams work-
ing on them) are constantly evolving. Also,
non-expert annotators cannot be assumed to have
any knowledge of these assignments, so we treat
bug§ team assignments as an unsupervised task.
4 Proposed Method
We now describe the proposed learning framework
as shown in Figure 1. Given a pair of reports
P and Q, the system uses a single binary label
rpP,Qq (1 if the reports are duplicate, 0 other-
wise) to supervise both tasks: duplicate classifi-
cation and topic similarity modeling.
4.1 Text Encoder
This component takes a bug report represented as a
sequence of words tw1, w2, ¨ ¨ ¨ , wnu as input and
encodes it to latent vectors th1,h2, ¨ ¨ ¨ ,hnu.
We first use word embeddings to transform all
words in a text into finite d-dimensional vectors
tv1,v2, ¨ ¨ ¨ ,vnu. The vectors are then fed to a
Gated Recurrent Unit (GRU) layer (Chung et al.,
2014). We use bi-directional GRU units to encode
the context information around a word. For a word
wi, outputs from the forward and backward GRUs
are latent vectors of dimension g and denoted as
hfi and h
b
i , respectively.
We concatenate these two vectors to form a sin-
gle latent representation of the word as, hi “
hfi ‘ hbi .
4.2 Semantic Space Decomposition
A word’s encoded representation hi has various
information intertwined in an abstract way within
the vector dimensions. It is difficult to interpret in-
dividual dimensions and meaningfully use a subset
of dimensions for a different sub-task.
We aim to distill the coarser topical information
into designated dimensions within the vector, stor-
ing other finer pieces of information in remaining
dimensions. Such disentanglement allows us to do
the topic similarity modeling using only the desig-
nated dimensions and ignore the rest.
To this end, we force the network to learn top-
ical information about each word in the first k
dimensions of its latent vector space. For a bi-
directional GRU, we have two encoded represen-
tations for the ith word from the forward and back-
ward passes i.e., hfi , and h
b
i . We define the topic
vector of a word i as,
θi “ hfi r1 : ks ‘ hbi r1 : ks (1)
where hfi r1 : ks and hbi r1 : ks denote the first k di-
mensions in the GRU encoded latent vectors from
the forward and backward passes respectively.
4.3 Topic Similarity Modeling
We aggregate the topic vectors of the constituent
words to represent the topic of a report, and use
a self-attention layer to learn the weights of the
words important in determining the topic:
zi “ tanhpW ¨ hi ` biq (2)
αi “ exppziqř
i exppziq
, (3)
θ “
nÿ
i“1
αi ¨ θi. (4)
where αi is the weight for word wi and θ is the
topic vector of the report. Note that only the des-
ignated topical dimensions of the words contribute
to representing the topic vector of the report.
In order to learn the semantic space of topic vec-
tors, we need to constrain them in such a way that
if two reports (P and Q) have similar topics (e.g.,
both are talking about camera), their θP and θQ
values should be closer and vice-versa. Since only
the ground-truth label for duplicity is available,
we consider this signal as partially observed for
the topic modeling task. Following our hypothesis
that determining the topic of a report is a sub-task
for duplicate detection, there can be three possible
cases for a pair of reports:
Case 1: Duplicates from the same topic;
Case 2: Non-duplicates from different topics;
Case 3: Non-duplicates from the same topic.
Since for duplicate tickets (P,Q) their topics are
bound to be same, we reduce the distance between
θP , and θQ in our loss. However, non-duplicate
pairs may or may not be from the same topic (Case
2, and 3).
We do not include Case 3 in the loss, as infer-
ring it is difficult without explicit labels. We as-
sume that if a pair of non-duplicate reports have
no word overlap (apart from stopwords), then only
they belong to different topics i.e., Case 2. For
such pairs we wish to increase the distances be-
tween their topic vectors. We imbue this principle
in the network through the following loss function:
Lsim “ rpP,Qq ¨ SCpθP ,θQq (5)
´ p1´ rpP,Qqq ¨ SCpθP ,θQq
Shared Word Embedding
Shared Bi-GRU
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hP<latexit sha1_base64="FzI5+4KiEZmKpjHVOcpyHbbKKyg=">AAAB6nicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeCF7 1VNG2hjbLZvrRLN5uwuxFK6E/w4kERr/4ib/4bt20O2jqwMMzMY9+bMBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB0NfXbT6g0T+S9GacYxHQgecQZNVa6Gz40H6s1t+7OQJaJV5AaFLD5r14/YVmM0jBB te56bmqCnCrDmcBJpZdpTCkb0QF2LZU0Rh3ks1Un5MQqfRIlyj5pyEz9PZHTWOtxHNpkTM1QL3pT8T+vm5noMsi5TDODks0/ijJBTEKmd5M+V8iMGFtCmeJ2V8KGVFFmbDsVW4K3ePIyaZ3VPbfu3Z7XGjdFHWU4gmM4BQ8uoAHX0AQfGAzgGV7hzRH Oi/PufMyjJaeYOYQ/cD5/ACLijbU=</latexit><latexit sha1_base64="FzI5+4KiEZmKpjHVOcpyHbbKKyg=">AAAB6nicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeCF7 1VNG2hjbLZvrRLN5uwuxFK6E/w4kERr/4ib/4bt20O2jqwMMzMY9+bMBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB0NfXbT6g0T+S9GacYxHQgecQZNVa6Gz40H6s1t+7OQJaJV5AaFLD5r14/YVmM0jBB te56bmqCnCrDmcBJpZdpTCkb0QF2LZU0Rh3ks1Un5MQqfRIlyj5pyEz9PZHTWOtxHNpkTM1QL3pT8T+vm5noMsi5TDODks0/ijJBTEKmd5M+V8iMGFtCmeJ2V8KGVFFmbDsVW4K3ePIyaZ3VPbfu3Z7XGjdFHWU4gmM4BQ8uoAHX0AQfGAzgGV7hzRH Oi/PufMyjJaeYOYQ/cD5/ACLijbU=</latexit><latexit sha1_base64="FzI5+4KiEZmKpjHVOcpyHbbKKyg=">AAAB6nicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeCF7 1VNG2hjbLZvrRLN5uwuxFK6E/w4kERr/4ib/4bt20O2jqwMMzMY9+bMBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB0NfXbT6g0T+S9GacYxHQgecQZNVa6Gz40H6s1t+7OQJaJV5AaFLD5r14/YVmM0jBB te56bmqCnCrDmcBJpZdpTCkb0QF2LZU0Rh3ks1Un5MQqfRIlyj5pyEz9PZHTWOtxHNpkTM1QL3pT8T+vm5noMsi5TDODks0/ijJBTEKmd5M+V8iMGFtCmeJ2V8KGVFFmbDsVW4K3ePIyaZ3VPbfu3Z7XGjdFHWU4gmM4BQ8uoAHX0AQfGAzgGV7hzRH Oi/PufMyjJaeYOYQ/cD5/ACLijbU=</latexit><latexit sha1_base64="FzI5+4KiEZmKpjHVOcpyHbbKKyg=">AAAB6nicbVBNS8NAFHypX7V+VT16WSyCp5KIoMeCF7 1VNG2hjbLZvrRLN5uwuxFK6E/w4kERr/4ib/4bt20O2jqwMMzMY9+bMBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB0NfXbT6g0T+S9GacYxHQgecQZNVa6Gz40H6s1t+7OQJaJV5AaFLD5r14/YVmM0jBB te56bmqCnCrDmcBJpZdpTCkb0QF2LZU0Rh3ks1Un5MQqfRIlyj5pyEz9PZHTWOtxHNpkTM1QL3pT8T+vm5noMsi5TDODks0/ijJBTEKmd5M+V8iMGFtCmeJ2V8KGVFFmbDsVW4K3ePIyaZ3VPbfu3Z7XGjdFHWU4gmM4BQ8uoAHX0AQfGAzgGV7hzRH Oi/PufMyjJaeYOYQ/cD5/ACLijbU=</latexit> hQ<latexit sha1_base64="ZJ5cSttd4RuIa2Lpn2rFVeUJXK4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi95atB/QxrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95 ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7kePjX654lbdOcgq8XJSgRz1fvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMkZo22</latexit><latexit sha1_base64="ZJ5cSttd4RuIa2Lpn2rFVeUJXK4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi95atB/QxrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95 ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7kePjX654lbdOcgq8XJSgRz1fvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMkZo22</latexit><latexit sha1_base64="ZJ5cSttd4RuIa2Lpn2rFVeUJXK4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi95atB/QxrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95 ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7kePjX654lbdOcgq8XJSgRz1fvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMkZo22</latexit><latexit sha1_base64="ZJ5cSttd4RuIa2Lpn2rFVeUJXK4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi95atB/QxrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95 ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7kePjX654lbdOcgq8XJSgRz1fvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMkZo22</latexit>
Conditional-Attention
✓1<latexit sha1_base64="2JAe/XXsBEeCdA0FlRErBKOp/ LE=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8KK3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB +RkeQhpwSM1O3DmAEZuINyxbEvvKp37mFD6l7NdXNiUK1h13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYR OyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagih iptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtEpcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9f QJzE5BE</latexit><latexit sha1_base64="2JAe/XXsBEeCdA0FlRErBKOp/ LE=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8KK3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB +RkeQhpwSM1O3DmAEZuINyxbEvvKp37mFD6l7NdXNiUK1h13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYR OyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagih iptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtEpcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9f QJzE5BE</latexit><latexit sha1_base64="2JAe/XXsBEeCdA0FlRErBKOp/ LE=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8KK3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB +RkeQhpwSM1O3DmAEZuINyxbEvvKp37mFD6l7NdXNiUK1h13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYR OyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagih iptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtEpcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9f QJzE5BE</latexit><latexit sha1_base64="2JAe/XXsBEeCdA0FlRErBKOp/ LE=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8KK3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB +RkeQhpwSM1O3DmAEZuINyxbEvvKp37mFD6l7NdXNiUK1h13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYR OyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagih iptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtEpcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9f QJzE5BE</latexit> ✓2<latexit sha1_base64="66LBCfeLSeESGw5qqHQCG/NOr p4=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iCNvVW8KK3CvYD2lA22027dLOJuxOhlP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZF6aCa3CcD6uwsrq2vlHcLG1t7+zulfcPWjrJFGVNmohEdUKimeCSNYGDYJ1UMRKHgrXD8WXut++Z0jyRtzBJWR CToeQRpwSM1OnBiAHpe/1yxbEvfM8/97EhNb/qujkx8KrYtZ05KmiJRr/83hskNIuZBCqI1l3XSSGYEgWcCjYr9TLNUkL HZMi6hkoSMx1M5/fO8IlRBjhKlCkJeK5+n5iSWOtJHJrOmMBI//Zy8S+vm0FUC6ZcphkwSReLokxgSHD+PB5wxSiIiSGE Km5uxXREFKFgIiqZEL4+xf+Tlme7ju3enFXq18s4iugIHaNT5CIf1dEVaqAmokigB/SEnq0769F6sV4XrQVrOXOIfsB6+ wR0l5BF</latexit><latexit sha1_base64="66LBCfeLSeESGw5qqHQCG/NOr p4=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iCNvVW8KK3CvYD2lA22027dLOJuxOhlP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZF6aCa3CcD6uwsrq2vlHcLG1t7+zulfcPWjrJFGVNmohEdUKimeCSNYGDYJ1UMRKHgrXD8WXut++Z0jyRtzBJWR CToeQRpwSM1OnBiAHpe/1yxbEvfM8/97EhNb/qujkx8KrYtZ05KmiJRr/83hskNIuZBCqI1l3XSSGYEgWcCjYr9TLNUkL HZMi6hkoSMx1M5/fO8IlRBjhKlCkJeK5+n5iSWOtJHJrOmMBI//Zy8S+vm0FUC6ZcphkwSReLokxgSHD+PB5wxSiIiSGE Km5uxXREFKFgIiqZEL4+xf+Tlme7ju3enFXq18s4iugIHaNT5CIf1dEVaqAmokigB/SEnq0769F6sV4XrQVrOXOIfsB6+ wR0l5BF</latexit><latexit sha1_base64="66LBCfeLSeESGw5qqHQCG/NOr p4=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iCNvVW8KK3CvYD2lA22027dLOJuxOhlP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZF6aCa3CcD6uwsrq2vlHcLG1t7+zulfcPWjrJFGVNmohEdUKimeCSNYGDYJ1UMRKHgrXD8WXut++Z0jyRtzBJWR CToeQRpwSM1OnBiAHpe/1yxbEvfM8/97EhNb/qujkx8KrYtZ05KmiJRr/83hskNIuZBCqI1l3XSSGYEgWcCjYr9TLNUkL HZMi6hkoSMx1M5/fO8IlRBjhKlCkJeK5+n5iSWOtJHJrOmMBI//Zy8S+vm0FUC6ZcphkwSReLokxgSHD+PB5wxSiIiSGE Km5uxXREFKFgIiqZEL4+xf+Tlme7ju3enFXq18s4iugIHaNT5CIf1dEVaqAmokigB/SEnq0769F6sV4XrQVrOXOIfsB6+ wR0l5BF</latexit><latexit sha1_base64="66LBCfeLSeESGw5qqHQCG/NOr p4=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iCNvVW8KK3CvYD2lA22027dLOJuxOhlP4JLx4U8erf8ea/cdNWUNEH A4/3ZpiZF6aCa3CcD6uwsrq2vlHcLG1t7+zulfcPWjrJFGVNmohEdUKimeCSNYGDYJ1UMRKHgrXD8WXut++Z0jyRtzBJWR CToeQRpwSM1OnBiAHpe/1yxbEvfM8/97EhNb/qujkx8KrYtZ05KmiJRr/83hskNIuZBCqI1l3XSSGYEgWcCjYr9TLNUkL HZMi6hkoSMx1M5/fO8IlRBjhKlCkJeK5+n5iSWOtJHJrOmMBI//Zy8S+vm0FUC6ZcphkwSReLokxgSHD+PB5wxSiIiSGE Km5uxXREFKFgIiqZEL4+xf+Tlme7ju3enFXq18s4iugIHaNT5CIf1dEVaqAmokigB/SEnq0769F6sV4XrQVrOXOIfsB6+ wR0l5BF</latexit> ✓3
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✓m
<latexit sha1_base64="J84tJkM2ktnmKbColcX4eRuLvrc=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8K K3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEHA4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB+RkeQhpwSM1O3DmAEZRINyxbEvvKp37mFD6l7NdXNiUK1h 13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYROyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagihiptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtE pcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9fQLOA5CA</latexit><latexit sha1_base64="J84tJkM2ktnmKbColcX4eRuLvrc=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8K K3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEHA4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB+RkeQhpwSM1O3DmAEZRINyxbEvvKp37mFD6l7NdXNiUK1h 13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYROyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagihiptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtE pcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9fQLOA5CA</latexit><latexit sha1_base64="J84tJkM2ktnmKbColcX4eRuLvrc=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8K K3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEHA4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB+RkeQhpwSM1O3DmAEZRINyxbEvvKp37mFD6l7NdXNiUK1h 13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYROyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagihiptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtE pcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9fQLOA5CA</latexit><latexit sha1_base64="J84tJkM2ktnmKbColcX4eRuLvrc=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iKNvVW8K K3CvYD2lA22027dLOJuxOhhP4JLx4U8erf8ea/cdNWUNEHA4/3ZpiZFySCa3CcD6uwsrq2vlHcLG1t7+zulfcP2jpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWCyWXud+6Z0jyWtzBNmB+RkeQhpwSM1O3DmAEZRINyxbEvvKp37mFD6l7NdXNiUK1h 13bmqKAlmoPye38Y0zRiEqggWvdcJwE/Iwo4FWxW6qeaJYROyIj1DJUkYtrP5vfO8IlRhjiMlSkJeK5+n8hIpPU0CkxnRGCsf3u5+JfXSyGs+xmXSQpM0sWiMBUYYpw/j4dcMQpiagihiptbMR0TRSiYiEomhK9P8f+kXbVdx3ZvziqN62UcRXSEjtE pcpGHGugKNVELUSTQA3pCz9ad9Wi9WK+L1oK1nDlEP2C9fQLOA5CA</latexit>
…
MLP
Lsim
<latexit sha1_base64="nGpMo2FX5yxPvWutRluiAijbK+Q=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6LL hRcFHB1kIbwmQ6aYfOJGFmIpRQN76KGxeKuPUt3Pk2TtIstPXAwMe59zL3niDhTGnH+bYqS8srq2vV9drG5tb2jr2711FxKgltk5jHshtgRTmLaFszzWk3kRSLgNP7YHyZ1+8fqFQsju70JKGewMOIhYxgbSzfPugLrEcE8+xm6hcsRaaYmPp23Wk4 hdAiuCXUoVTLt7/6g5ikgkaacKxUz3US7WVYakY4ndb6qaIJJmM8pD2DERZUeVlxwRQdG2eAwliaF2lUuL8nMiyUmojAdOY7qvlabv5X66U6vPAyFiWpphGZfRSmHOkY5XGgAZOUaD4xgIlkZldERlhiok1oNROCO3/yInROG67TcG/P6s3rMo4qHMI RnIAL59CEK2hBGwg8wjO8wpv1ZL1Y79bHrLVilTP78EfW5w+VZ5eh</latexit><latexit sha1_base64="nGpMo2FX5yxPvWutRluiAijbK+Q=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6LL hRcFHB1kIbwmQ6aYfOJGFmIpRQN76KGxeKuPUt3Pk2TtIstPXAwMe59zL3niDhTGnH+bYqS8srq2vV9drG5tb2jr2711FxKgltk5jHshtgRTmLaFszzWk3kRSLgNP7YHyZ1+8fqFQsju70JKGewMOIhYxgbSzfPugLrEcE8+xm6hcsRaaYmPp23Wk4 hdAiuCXUoVTLt7/6g5ikgkaacKxUz3US7WVYakY4ndb6qaIJJmM8pD2DERZUeVlxwRQdG2eAwliaF2lUuL8nMiyUmojAdOY7qvlabv5X66U6vPAyFiWpphGZfRSmHOkY5XGgAZOUaD4xgIlkZldERlhiok1oNROCO3/yInROG67TcG/P6s3rMo4qHMI RnIAL59CEK2hBGwg8wjO8wpv1ZL1Y79bHrLVilTP78EfW5w+VZ5eh</latexit><latexit sha1_base64="nGpMo2FX5yxPvWutRluiAijbK+Q=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6LL hRcFHB1kIbwmQ6aYfOJGFmIpRQN76KGxeKuPUt3Pk2TtIstPXAwMe59zL3niDhTGnH+bYqS8srq2vV9drG5tb2jr2711FxKgltk5jHshtgRTmLaFszzWk3kRSLgNP7YHyZ1+8fqFQsju70JKGewMOIhYxgbSzfPugLrEcE8+xm6hcsRaaYmPp23Wk4 hdAiuCXUoVTLt7/6g5ikgkaacKxUz3US7WVYakY4ndb6qaIJJmM8pD2DERZUeVlxwRQdG2eAwliaF2lUuL8nMiyUmojAdOY7qvlabv5X66U6vPAyFiWpphGZfRSmHOkY5XGgAZOUaD4xgIlkZldERlhiok1oNROCO3/yInROG67TcG/P6s3rMo4qHMI RnIAL59CEK2hBGwg8wjO8wpv1ZL1Y79bHrLVilTP78EfW5w+VZ5eh</latexit><latexit sha1_base64="nGpMo2FX5yxPvWutRluiAijbK+Q=">AAACAXicbZDNSsNAFIVv6l+tf1E3gpvBIrgqiQi6LL hRcFHB1kIbwmQ6aYfOJGFmIpRQN76KGxeKuPUt3Pk2TtIstPXAwMe59zL3niDhTGnH+bYqS8srq2vV9drG5tb2jr2711FxKgltk5jHshtgRTmLaFszzWk3kRSLgNP7YHyZ1+8fqFQsju70JKGewMOIhYxgbSzfPugLrEcE8+xm6hcsRaaYmPp23Wk4 hdAiuCXUoVTLt7/6g5ikgkaacKxUz3US7WVYakY4ndb6qaIJJmM8pD2DERZUeVlxwRQdG2eAwliaF2lUuL8nMiyUmojAdOY7qvlabv5X66U6vPAyFiWpphGZfRSmHOkY5XGgAZOUaD4xgIlkZldERlhiok1oNROCO3/yInROG67TcG/P6s3rMo4qHMI RnIAL59CEK2hBGwg8wjO8wpv1ZL1Y79bHrLVilTP78EfW5w+VZ5eh</latexit>
Ldup
<latexit sha1_base64="XR2DXc5aufSkwFIT4l7hkroVmJk=">AAACAXicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgQ9DrwoeJjg5mArJU3TLSxJS5IKo9SLX8WLB0W8+i28+W1Mux5084HAj+d9X/K+T5AwqrTjfFu1peWV1bX6emNjc2t7x97d66k 4lZh0ccxi2Q+QIowK0tVUM9JPJEE8YOQ+mFwW9fsHIhWNxZ2eJsTjaCRoRDHSxvLtgyFHeowRy25yv2TJszBNct9uOi2nFFwEt4ImqNTx7a9hGOOUE6ExQ0oNXCfRXoakppiRvDFMFUkQnqARGRgUiBPlZeUFOTw2TgijWJonNCzd3xMZ4kpNeWA6ix3VfK0w/6sNUh1deBkVSaqJwLOPopRBHcMiDhhSSbBmUwMIS2p2hXiMJMLahNYwIbjzJy9C77TlOi339qzZvq7iqINDcAROgAvOQRtcgQ7oAgwewTN4BW/Wk/VivVsfs9aaVc3sgz+yPn8AlVWXoQ==</latexit><latexit sha1_base64="XR2DXc5aufSkwFIT4l7hkroVmJk=">AAACAXicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgQ9DrwoeJjg5mArJU3TLSxJS5IKo9SLX8WLB0W8+i28+W1Mux5084HAj+d9X/K+T5AwqrTjfFu1peWV1bX6emNjc2t7x97d66k 4lZh0ccxi2Q+QIowK0tVUM9JPJEE8YOQ+mFwW9fsHIhWNxZ2eJsTjaCRoRDHSxvLtgyFHeowRy25yv2TJszBNct9uOi2nFFwEt4ImqNTx7a9hGOOUE6ExQ0oNXCfRXoakppiRvDFMFUkQnqARGRgUiBPlZeUFOTw2TgijWJonNCzd3xMZ4kpNeWA6ix3VfK0w/6sNUh1deBkVSaqJwLOPopRBHcMiDhhSSbBmUwMIS2p2hXiMJMLahNYwIbjzJy9C77TlOi339qzZvq7iqINDcAROgAvOQRtcgQ7oAgwewTN4BW/Wk/VivVsfs9aaVc3sgz+yPn8AlVWXoQ==</latexit><latexit sha1_base64="XR2DXc5aufSkwFIT4l7hkroVmJk=">AAACAXicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgQ9DrwoeJjg5mArJU3TLSxJS5IKo9SLX8WLB0W8+i28+W1Mux5084HAj+d9X/K+T5AwqrTjfFu1peWV1bX6emNjc2t7x97d66k 4lZh0ccxi2Q+QIowK0tVUM9JPJEE8YOQ+mFwW9fsHIhWNxZ2eJsTjaCRoRDHSxvLtgyFHeowRy25yv2TJszBNct9uOi2nFFwEt4ImqNTx7a9hGOOUE6ExQ0oNXCfRXoakppiRvDFMFUkQnqARGRgUiBPlZeUFOTw2TgijWJonNCzd3xMZ4kpNeWA6ix3VfK0w/6sNUh1deBkVSaqJwLOPopRBHcMiDhhSSbBmUwMIS2p2hXiMJMLahNYwIbjzJy9C77TlOi339qzZvq7iqINDcAROgAvOQRtcgQ7oAgwewTN4BW/Wk/VivVsfs9aaVc3sgz+yPn8AlVWXoQ==</latexit><latexit sha1_base64="XR2DXc5aufSkwFIT4l7hkroVmJk=">AAACAXicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgQ9DrwoeJjg5mArJU3TLSxJS5IKo9SLX8WLB0W8+i28+W1Mux5084HAj+d9X/K+T5AwqrTjfFu1peWV1bX6emNjc2t7x97d66k 4lZh0ccxi2Q+QIowK0tVUM9JPJEE8YOQ+mFwW9fsHIhWNxZ2eJsTjaCRoRDHSxvLtgyFHeowRy25yv2TJszBNct9uOi2nFFwEt4ImqNTx7a9hGOOUE6ExQ0oNXCfRXoakppiRvDFMFUkQnqARGRgUiBPlZeUFOTw2TgijWJonNCzd3xMZ4kpNeWA6ix3VfK0w/6sNUh1deBkVSaqJwLOPopRBHcMiDhhSSbBmUwMIS2p2hXiMJMLahNYwIbjzJy9C77TlOi339qzZvq7iqINDcAROgAvOQRtcgQ7oAgwewTN4BW/Wk/VivVsfs9aaVc3sgz+yPn8AlVWXoQ==</latexit>
✓P<latexit sha1_base64="WAQqLjnEJvTKs7H6Tg61L+VgLlA=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAF7 1FMA9IVpmd9CZDZmfXmV4hLPkJLx4U8ervePNvnDwOmlgwUFRVM90VplIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCodXE7/1hNqIRN3RKMUgZn0lIsEZWandpQESu68/lCte1ZvCXSb+nFRgDpv/6vYSnsWo iEtmTMf3UgpypklwieNSNzOYMj5kfexYqliMJsin+47dE6v03CjR9ilyp+rviZzFxozi0CZjRgOz6E3E/7xORtFlkAuVZoSKzz6KMulS4k6Od3tCIyc5soRxLeyuLh8wzTjZikq2BH/x5GXSPKv6XtW/Pa/UbuZ1FOEIjuEUfLiAGlxDHRrAQcIzvMK b8+i8OO/OxyxacOYzh/AHzucP/PmP8Q==</latexit><latexit sha1_base64="WAQqLjnEJvTKs7H6Tg61L+VgLlA=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAF7 1FMA9IVpmd9CZDZmfXmV4hLPkJLx4U8ervePNvnDwOmlgwUFRVM90VplIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCodXE7/1hNqIRN3RKMUgZn0lIsEZWandpQESu68/lCte1ZvCXSb+nFRgDpv/6vYSnsWo iEtmTMf3UgpypklwieNSNzOYMj5kfexYqliMJsin+47dE6v03CjR9ilyp+rviZzFxozi0CZjRgOz6E3E/7xORtFlkAuVZoSKzz6KMulS4k6Od3tCIyc5soRxLeyuLh8wzTjZikq2BH/x5GXSPKv6XtW/Pa/UbuZ1FOEIjuEUfLiAGlxDHRrAQcIzvMK b8+i8OO/OxyxacOYzh/AHzucP/PmP8Q==</latexit><latexit sha1_base64="WAQqLjnEJvTKs7H6Tg61L+VgLlA=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAF7 1FMA9IVpmd9CZDZmfXmV4hLPkJLx4U8ervePNvnDwOmlgwUFRVM90VplIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCodXE7/1hNqIRN3RKMUgZn0lIsEZWandpQESu68/lCte1ZvCXSb+nFRgDpv/6vYSnsWo iEtmTMf3UgpypklwieNSNzOYMj5kfexYqliMJsin+47dE6v03CjR9ilyp+rviZzFxozi0CZjRgOz6E3E/7xORtFlkAuVZoSKzz6KMulS4k6Od3tCIyc5soRxLeyuLh8wzTjZikq2BH/x5GXSPKv6XtW/Pa/UbuZ1FOEIjuEUfLiAGlxDHRrAQcIzvMK b8+i8OO/OxyxacOYzh/AHzucP/PmP8Q==</latexit><latexit sha1_base64="WAQqLjnEJvTKs7H6Tg61L+VgLlA=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMeAF7 1FMA9IVpmd9CZDZmfXmV4hLPkJLx4U8ervePNvnDwOmlgwUFRVM90VplIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJsk0xwZPZKLbITMohcIGCZLYTjWyOJTYCodXE7/1hNqIRN3RKMUgZn0lIsEZWandpQESu68/lCte1ZvCXSb+nFRgDpv/6vYSnsWo iEtmTMf3UgpypklwieNSNzOYMj5kfexYqliMJsin+47dE6v03CjR9ilyp+rviZzFxozi0CZjRgOz6E3E/7xORtFlkAuVZoSKzz6KMulS4k6Od3tCIyc5soRxLeyuLh8wzTjZikq2BH/x5GXSPKv6XtW/Pa/UbuZ1FOEIjuEUfLiAGlxDHRrAQcIzvMK b8+i8OO/OxyxacOYzh/AHzucP/PmP8Q==</latexit> ✓Q<latexit sha1_base64="fI5oGpmM3B+RiISQK/mTX/Yq9uk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi9 5asB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj0ccaQPjX654lbdOcgq8XJSgRz1fvmrN4hZ GnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMnueDITmDOXEEsq0sLcSNqKaMrQRlWwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAg4Rl e4c15dF6cd+dj0Vpw8plj+APn8wf+fY/y</latexit><latexit sha1_base64="fI5oGpmM3B+RiISQK/mTX/Yq9uk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi9 5asB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj0ccaQPjX654lbdOcgq8XJSgRz1fvmrN4hZ GnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMnueDITmDOXEEsq0sLcSNqKaMrQRlWwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAg4Rl e4c15dF6cd+dj0Vpw8plj+APn8wf+fY/y</latexit><latexit sha1_base64="fI5oGpmM3B+RiISQK/mTX/Yq9uk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi9 5asB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj0ccaQPjX654lbdOcgq8XJSgRz1fvmrN4hZ GnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMnueDITmDOXEEsq0sLcSNqKaMrQRlWwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAg4Rl e4c15dF6cd+dj0Vpw8plj+APn8wf+fY/y</latexit><latexit sha1_base64="fI5oGpmM3B+RiISQK/mTX/Yq9uk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi9 5asB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj0ccaQPjX654lbdOcgq8XJSgRz1fvmrN4hZ GnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMnueDITmDOXEEsq0sLcSNqKaMrQRlWwI3vLLq6R1UfXcqte4rNTu8jiKcAKncA4eXEENbqEOTWAg4Rl e4c15dF6cd+dj0Vpw8plj+APn8wf+fY/y</latexit>
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Figure 1: The proposed partially supervised learning framework. The framework takes two user reports P and
Q as inputs. The left branch performs topic clustering with self-attention mechanism using topic dimensions. The
right branch performs duplicates detection with conditional attention taking a pair of encoded reports as inputs.
where rpP,Qq is the ground-truth duplicity la-
bel (0 or 1), SC is cosine similarity. A care-
ful reader might observe that the function min-
imizes distance of duplicates pairs (rpP,Qq “
1), while exhibiting the exact opposite behaviour
for non-duplicates (rpP,Qq “ 0). To account
for the skewed distribution of duplicate vs. non-
duplicates, we normalize the loss using propor-
tional class weights.
4.4 Duplicate Classification
The final component of the network considers the
complete latent vectors of the words for the task of
duplicate classification. We use another attention
layer for this component to allow the network to
focus on important words. However, it is not nec-
essary that the same words will be important for
both the tasks. For example, consider the follow-
ing pair of tickets: “Can’t import these pics from
camera roll to memories” and “No pics in mem-
ory”.
In order to determine the product feature, the
self attention module needs to focus on the words
memories and memory in the reports, respectively.
However, to decide whether they are duplicates or
not, the second attention module needs to focus
on the specific error, i.e. Can’t import pics and No
pics in the two reports respectively. For report P ,
we create a memory vector φP to guide this atten-
tion layer using the hidden representations of the
words as well the previously learned self-attention
weights for topic modeling.
φP “
ÿ
i
αPi ¨ hPi `
ÿ
i
hPi (6)
We also note that unlike the self-attention used for
topic similarity modeling, for duplicate classifica-
tion we need to use a form of conditional attention.
For determining whether a report (P ) is duplicate
to another one (Q), the words that are important
in P are dependent on the words in Q. Therefore,
for each word position i in P we compute its rele-
vance to the report Q as,
γPi “ hPi d hQ (7)
where hPi is the hidden state of the i
th word in
report P , d denotes element-wise multiplication,
and hQ is the representation of report Q obtained
using averaging the hidden states of all words inQ
i.e. hQ “ Avgph1,h2, ¨ ¨ ¨ ,hmq,m is the number
of words in Q.
We now use this conditional representation γPi
and the memory vectorφP to learn the conditional
attention weights (β) and compute the weighted
representation cP as,
cPi “ tanhpW1 ¨ γPi q ¨ tanhpW2 ¨ φP q (8)
βPi “ exppc
P
i qř
i exppcPi q
(9)
cP “
nÿ
i“1
βPi ¨ cPi (10)
We concatenate the weighted representations of P
and Q as cPQ “ cP ‘ cQ. We pass this con-
catenated vector through a Multi-Layer Percep-
tron, the final layer of which outputs a prediction
rˆpP,Qqwhether they are duplicates or not. We use
binary cross-entropy loss to train this objective.
Ldup “ HprpPQq, rˆpPQqq, (11)
where H is binary cross-entropy. The overall loss
for the whole network is a weighted combination
of the two losses.
L “ λLsim ` p1´ λqLdup (12)
In our experiments, we use λ “ 0.5 but it can be
varied depending on the importance of the tasks.
We optimize the network using Adam optimizer
and train in an end-to-end fashion through back-
propagation.
5 Evaluation
5.1 Dataset
We experiment on four real-world datasets.
(1) Snap S2R : Composed of bugs reported
through an in-app tool. The data was labeled as
duplicate or not by non-technical annotators (de-
scribed in section 3).
(2-4). Open Source Projects 1 : Repository
of bugs submitted for the open-source projects of
Eclipse Platform, Mozilla Firefox and Eclipse
JDT. Each report consists of a short title and a
longer description which often describes the steps
to reproduce the issue. We only consider the ti-
tle of the report in our experiments. The reported
bugs have been marked for duplicates by engineers
while resolving them.
We augment the S2R data with randomly sam-
pled negative pairs to resemble a positive to neg-
ative ratio that is estimated in production. For the
Eclipse and Firefox datasets, we randomly sample
negative pairs, keeping the positive to negative ra-
tio close to what was previously mentioned (Lazar
et al., 2014). Table 1 shows the statistics of the
four datasets. These datasets were selected to cap-
ture different training sizes and variations of vo-
cabulary used.
5.2 Experimental Settings
We initialize the words using pre-trained Glove
embeddings (Pennington et al., 2014) of 300 di-
mensions but tune it during training to capture the
1https://github.com/logpai/bugrepo
Dataset #pairs #vocab %dups #reports
avg #words
/report
Snap S2R 66,945 7763 9% 17,255 14.6
Eclipse Platform 170,312 29,702 12% 83,608 7.9
Eclipse JDT 90,592 17,228 14% 44,670 8.1
Firefox 231,628 34,590 26% 113,262 10.0
Table 1: Statistics of the datasets used
intrinsic features of the specific task and dataset
at hand. For the GRU layers we use 150 dimen-
sions and the first 20 dimensions of them are used
for topic representation. For the MLP in duplicate
classification we use 2 layers of fully connected
layers of 100 hidden neurons each, with relu acti-
vation and 20% dropout rate. For fair comparison
we use the same number of parameters in all base-
lines. The learning rate is set to 0.003 and a batch
size of 128 samples is used while training all the
models.
5.3 Evaluating Duplicate Classification
We first start evaluating the proposed approach for
detecting duplicate bug reports. We compare with
the following six baselines:
• Logistic Regression uses a bag of n-grams
representation with n ranging from one to
three words. Tf-idf scores are used for fea-
ture weighting.
• Siamese CNN (Severyn and Moschitti, 2015)
encodes the texts with a shared convolution
network followed by an MLP for classifica-
tion.
• Siamese Bi-GRU uses a shared bidirectional
GRU for encoding text.
• Siamese Bi-GRU with Attention uses an at-
tention layer on top of the GRU outputs to
encode the texts
• DWEN (Budhiraja et al., 2018a) is the state-
of-the-art deep learning approach for dupli-
cate bug detection using word embeddings.
• BiMPM (Wang et al., 2017) is the state-of-
the-art sentence similarity modeling that uses
multi-perspective symmetric matching for a
pair of texts.
We report results after averaging five indepen-
dent trials using 80% data for training, 10% for
Method
Snap S2R Eclipse Platform FireFox Eclipse JDT
P R F1 P R F1 P R F1 P R F1
Logistic Regression 0.67 0.63 0.65 0.71 0.88 0.78 0.92 0.95 0.94 0.76 0.88 0.81
Siamese CNN (2015) 0.67 0.63 0.65 0.81 0.81 0.81 0.93 0.94 0.93 0.79 0.79 0.79
Siamese Bi-GRU 0.76 0.61 0.68 0.86 0.84 0.85 0.95 0.93 0.94 0.85 0.84 0.84
Siamese Bi-GRU w Att 0.76 0.62 0.68 0.86 0.86 0.86 0.95 0.94 0.94 0.84 0.84 0.84
DWEN (2018a) 0.69 0.55 0.62 0.83 0.74 0.78 0.93 0.92 0.93 0.81 0.71 0.76
BiMPM (2017) 0.73 0.65 0.69 0.86 0.82 0.84 0.94 0.92 0.93 0.85 0.79 0.82
Our Method 0.73 0.67* 0.70 0.84 0.91* 0.87* 0.94 0.96* 0.95* 0.86 0.90* 0.88*
Table 2: Comparison of different methods for duplicate classification task on multiple datasets. * denotes statistical
significance with the runner up for p-value ă 0.01
validation, and 10% for testing. Due to the im-
balanced class distribution, we use precision, re-
call and F1-score of the positive class as evalua-
tion metrics.
From the results in Table 2 we see that our pro-
posed method largely outperforms all other mod-
els in terms of recall and in most cases on F1
score as well. Using a sequence encoder like GRU
boosts the performance significantly compared to
using n-grams as in Logistic Regression or CNN.
We note that the overall scores on Eclipse and
Firefox datasets are much higher than the scores
on Snap S2R data. One of the reasons could be the
difference in data size where the Snap S2R dataset
is much smaller in size compared to others. Noisy
labels from non-technical annotators could also be
a potential reason. Manually examining the posts
we also note that the bug reports submitted for the
open projects are often by engineers, who use con-
crete technical terms to describe the problem. In
contrast, for the Snap S2R dataset, the reports are
submitted by end-users using free text with non-
technical terms that make it harder for a machine
learning model to disambiguate.
5.4 Evaluating Clusters
A major advantage of our model is its ability to
perform clustering of the bug reports to aid in own-
ership attribution. In this set of experiments, we
show that our model is able to learn a semantic
space so that nearby reports in the space indeed
belong to the same product feature.
We use the topic vector (θ) of a report learned
by our model and run an off-the-shelf clustering
algorithm K-means2. Ideally, there should be a
one-to-one mapping between the obtained clusters
and the actual project features. For comparison,
2https://scikit-learn.org/stable/
modules/generated/sklearn.cluster.
KMeans.html
we use one of the most popular unsupervised topic
model, LDA (Blei et al., 2003) to learn latent top-
ics from the bug reports. For implementation of
LDA we use the Gensim library3. We perform
standard pre-processing steps, and remove stop-
words before training the LDA model. We eval-
uate the learned latent clusters by comparing them
to the ground truth project features, as have been
marked by users while submitting reports for S2R
dataset. For fair comparison, we use the same
(20) number of clusters for both methods, which
is close to the actual number of product features.
(a) Our Method
(b) LDA
Figure 2: Mapping between the learned latent clusters
and top-5 product features for Snap S2R dataset.
3https://radimrehurek.com/gensim/
models/ldamodel.html
Figure 2 shows the mapping between learned la-
tent clusters and top-5 ground truth product fea-
tures for the proposed model and LDA. To reduce
the effect of noisy labels, we consider a cluster-
product feature mapping only if more than 10 re-
ports about a product feature are assigned to a
cluster. The width of the connecting edge is pro-
portional to the number of times a cluster-product
feature association is observed.
Firstly, we observe that LDA requires more
clusters to represent the same number of features.
This demonstrates that LDA over-clusters, failing
to identify reports that talk about the same product
feature and assigns them to different clusters. Sec-
ondly, some clusters in LDA (e.g., c 13) are con-
nected to multiple product features denoting im-
purity of the cluster. Finally, for most features,
their mappings to a cluster are much stronger in
our model as demonstrated by the width of the
edges in the graph. This shows that with par-
tial supervision from duplicity labels, we are able
to learn clusters that better correspond to ground
truth product features.
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
video load lens app specs
audio long lenses map spec
videos story carousel viewing importing
playback time preview crashed v2
sync taking applied navigating unpaired
Table 3: Top Words according to their tf-idf scores
from few clusters learned by our model.
Table 3 shows top words according to their tf-
idf scores appearing in bug reports assigned to
a cluster. The learned clusters are coherent and
represent specific product features. For example,
Cluster 1 talks about issues regarding video or
audio, while Cluster 2 is mostly about issues re-
lated to loading of a story (a feature in the app).
In Cluster 3 reports related to various lenses
and filters are placed, while Cluster 4 seems
to be about maps and navigation features. It
is also interesting to note that generic issues like
‘crashed’ appear in some of the clusters. Although
one could identify most of the bugs as crashes,
this indicates that users have a specific vocabulary
when referring to a particular product feature.
5.5 Analyzing Attention Weights
Finally, we present case studies of the attention
weights learned by our proposed model. As we
have two-steps of attention layers optimized by the
two objectives, they can learn to focus on words
that are important for the specific tasks.
(a) bug report: totally black pic for tile story
(b) bug report: pic importing despite specs disconnected
Figure 3: Visualization of the attention weights learned
by the two attention modules on few sample bug reports
Figure 3 shows the attention weights for two
sample bug reports from Snap S2R dataset. We
observe that the two attention modules tend to fo-
cus on different parts of the text. The self-attention
gives more weight to the words that determine
the overall topic of the report (tile in Figure 3a,
specs in Figure 3b). In contrast, the conditional-
attention focuses on the set of words describing
the specific issue to aid in detecting duplicates.
6 Conclusion
In this paper we have studied bug-tracking, which
is a widespread problem in the software industry.
We develop a neural architecture that can learn
to classify duplicates and cluster them into mean-
ingful latent topics without additional supervision.
The architecture decomposes the latent semantic
space of a word to only distill the topical informa-
tion into a few designated dimensions, and uses
a two-step attention module to focus on different
textual parts for the two tasks. We share the chal-
lenges of annotating a user reported bug dataset
with non-technical annotators, as opposed to using
annotations from engineers. This is a direction we
plan to further explore in future work. Experimen-
tal results on different types of datasets indicate
that the proposed approach is promising compared
to existing techniques for both tasks. Most im-
portantly, our model’s construction is generic and
presents new possibilities in various domains for
modeling sub-tasks for free, with partial supervi-
sion from another task.
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